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We have fabricated photonic crystal nanocavity lasers, based on a high-quality factor design that
incorporates fractional edge dislocations. Lasers with InGaAsP quantum well active material
emitting at 1550 nm were optically pumped with 10 ns pulses, and lased at threshold pumping
powers below 220 mW, the lowest reported for quantum-well based photonic crystal lasers, to our
knowledge. Polarization characteristics and lithographic tuning properties were found to be in
excellent agreement with theoretical predictions. © 2002 American Institute of Physics.
@DOI: 10.1063/1.1511538#The quest for a compact nanocavity laser, with high-
quality factor (Q) and small mode volume (Vmode), has been
a central part of research in the field of integrated optics.
Photonic crystals,1 and planar photonic crystals in particular
~PPC!,2 are promising manufacturable geometries for the re-
alization of compact optical nanocavities and their integra-
tion with waveguides, modulators, and detectors. So far,
there have been several reports on room-temperature lasing
in PPC nanocavities,3–7 and more recently, new high-Q cav-
ity designs based on modification of two-dimensional ~2D!
photonic crystals have been proposed.4,8 In this letter, we
report the experimental application of one of these designs.
The cavities are based on fractional edge dislocations,8 and
are used for the construction of a low-threshold laser in
which the high field from the laser surrounds a void for
chemical sensing or strong coupling to atomic light sources.
Our laser design uses the simplest triangular lattice
single-defect cavity containing a fractional edge dislocation.
The cavity consists of a defect hole that is smaller than sur-
rounding holes which define the photonic crystal mirror. The
row that contains the defect hole is elongated by moving the
two photonic crystal half planes a fraction of a lattice con-
stant apart in the GX direction, introducing a dislocation with
width p ~Fig. 1!. We have shown earlier8 that by tuning this
p parameter, Q factors of single-defect cavities are signifi-
cantly improved, and can reach values of over 10 000 when
p/a510% (a is the lattice constant!. These high-Q values
are obtained while maintaining a very small mode volume of
Vmode’0.1(l/2).3 The cavity used in our laser was originally
designed for cavity quantum electrodynamic experiments
and nanospectroscopy. Light sources or absorbing molecules
can be placed into the small hole within the center of the 2D
photonic crystal cavity, where the optical field intensity is the
strongest. On the other hand, it is clear that the presence of a
hole at the point of maximum field intensity is not desirable
in low-threshold laser designs, since the overlap with the
gain region ~e.g., quantum wells! is decreased. Therefore, we
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ments over the performance of the lasers described here.
Our structures are fabricated in InGaAsP quantum well
material. Metalorganic chemical vapor deposition was used
to grow the active laser structure on an InP substrate. Optical
gain is provided by four 9 nm thick, compressively strained,
quantum wells with an electronic band gap at Eg
51.55mm, separated by 20 nm thick InGaAsP barriers (Eg
51.22mm). This active material is placed in the center of a
330 nm thick InGaAsP slab (Eg51.22mm), with a 1 mm
thick sacrificial InP layer underneath the slab. An InGaAs
etch stop is introduced between the sacrificial layer and the
InP substrate. The active quaternary material is designed to
operate at l51.55mm, and because of the compressive
strain, a coupling is strongest to the transverse electric ~TE!
polarized modes of the slab. This is desirable since in a tri-
angular lattice photonic crystal, the band gap exists for TE-
like polarized light. An etch mask consists of 40 nm Au
evaporated on top of 100 nm SiON, deposited using plasma-
enhanced chemical vapor deposition. The fabrication process
starts with the deposition of 150 nm of poly~methyl-
methacrylate! ~PMMA! electron beam resist, followed by
electron-beam lithography to define structures in PMMA. We
use Ar1 ion milling to transfer the mask pattern through the
Au metal mask, and follow this step by a C2F6 reactive ion
etching ~RIE! to transfer the mask from the Au into the
SiON. Cl-based inductively coupled plasma RIE is finally
used to transfer the pattern from the SiON mask layer into
FIG. 1. ~a! Conventional single defect cavity (p50). When structure is
‘‘cut’’ along the dashed line, and two PPC half planes are dislocated along
GX direction by p/2 ~b! high-Q cavity can be formed (p50.25a).0 © 2002 American Institute of Physics
 AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
2681Appl. Phys. Lett., Vol. 81, No. 15, 7 October 2002 Loncˇar et al.the InGaAsP. Finally, the mask is removed in a hydrofluoric
acid and the InGaAsP membrane is released from the sub-
strate by wet etching in 4:1 HCl:water solution at 4 °C. The
final structure is a free standing membrane supported at one
side ~Fig. 2!. Each pattern, shown in Fig. 2~a!, consists of six
different cavities that have received the same electron dose
during the electron beam lithography step and, therefore,
should have similar hole size (r) and lattice constant (a).
The only difference between cavities within a pattern is the
value of the elongation parameter p that assumed values in
the range p/aP(0,0.25). The periodicity of the structure
characterized here was a5435 nm and a hole radius r
5138 nm. This combination of geometries leads to a rela-
tive thickness of d/a50.759 and relative hole size of r/a
50.317. Using three-dimensional finite difference time do-
main code ~3D FDTD!, we have found that in this case, the
photonic band gap is located in the range a/lP~0.253,
0.345!.
The structures were optically pumped using 10– 30 ns
long pulses ~periodicity 1 ms! from a semiconductor laser
diode (lpump5830 nm). The pump beam was focused
through a 1003objective lens onto the sample surface to
obtain a spot size of about 3 mm. The emission from the
cavities is collected through the same lens, and the spectrum
of the emitted light signal is detected with an optical spec-
trum analyzer. An additional flip-up mirror is used to obtain
the optical images from the excitation pump spot and the
cavity modes.
As the first step, we have measured the emission from
the unprocessed InGaAsP material. We have found that emis-
sion exists between 1300 and 1650 nm, with a maximum at
around 1550 nm. This wavelength range corresponds to nor-
malized frequencies of a/lP~0.264, 0.335!, which is within
the band gap of the bulk photonic crystal mirrors surround-
ing the cavity. Next, we tested all six cavities ~Fig. 2! in
order to measure their resonant modes. We have found two
prominent resonant peaks in the emission range of our In-
GaAsP material, and observed that these two modes are lin-
early polarized, but have orthogonal polarization ~Fig. 3!.
This is in excellent agreement with our 3D FDTD analysis
that shows that two orthogonally polarized modes ~LQ po-
larized along the y axis and HQ along the x axis! exist in this
wavelength range ~Fig. 3!. We have also found that the po-
sition of these resonances depends strongly on the value of
the elongation parameter p ~Fig. 4!, as predicted in our ear-
lier publication.8,9 Moreover, theory predicts that the mode at
FIG. 2. ~a! Six different cavities with elongation parameters p050, p1
50.05a , p250.1a , p350.15a , p450.2a , and p550.25a . ~b!
Blowup of p3 cavity.Downloaded 18 Dec 2005 to 131.215.240.9. Redistribution subject tolonger wavelengths ~HQ! should have much higher Q values
than the one at shorter wavelengths ~LQ!. This was con-
firmed in our experimental measurements, and Q values of
approximately 2 000 were found in the case of HQ modes
(p5 cavity!, while Qs of only several hundreds were mea-
sured in the case of LQ modes.
Next, we tested our devices for lasing, by using pump
pulses with a microsecond periodicity. Poor thermal heat
sinking was expected for our membrane resonators, since the
free standing membranes are attached to the substrate at only
one side. Thus, we have pumped the structures with limited
duty cycles (DC<3%). Lasing was observed in our cavities
for several p4 and p5 structures, with different r/a param-
eters and defect hole sizes. In some cases, lasing could also
be observed in p3 cavities. In Fig. 5, we show the depen-
FIG. 3. Polarization dependance of the two modes detected in the p3 cavity,
obtained using polarizer positioned at different angles with respect to y-axis
direction (0°—polarization along y axis!. Figure also shows mode profiles
(Bz component! and polarization (E field! of the LQ and HQ modes, the
result of 3D FDTD analysis.
FIG. 4. Position of resonant modes detected in cavities p02p5. AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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for one of the lasing photonic crystal nanocavities. Threshold
powers as low as P th5214 mW were observed when this
laser was pumped with approximately 1% duty cycle.11 To
the best of our knowledge, this is the smallest threshold
power observed in quantum well-based photonic crystal la-
sers. The quality factor in the case of the p5 structure was
estimated from below threshold luminescence measurements
to be around Q’2 000 ~Fig. 5!, and this is in good agree-
ment with theoretical predictions. Unfortunately, we were
not able to obtain reliable estimates for Q-factor values in
the case of p2 and p3 cavities due to the weak emission from
these devices below threshold. However, according to theo-
retical predictions, we expect these cavities to have Q factors
as high as 10 000. Yoshie et al.10 have analyzed very similar
devices in quantum dot material and have obtained Q factors
of about 2 800.
In Fig. 6, we show the L – L curve for a laser structure
with an elongation p4 . In addition to different elongation,
the holes are smaller in this structure (r/a50.292) than in
FIG. 5. L – L curve for p5 cavity for two different DCs. The pulse period-
icity was 1 ms in both cases. Spectrum taken below threshold ~arrow! is
shown in the inset.
FIG. 6. L – L curve for p4 cavity (r/a50.292). Lasing action occurs at l
51598 nm. Insets show spectrum above threshold, and mode profiles of the
lasing mode for several pump levels. The boundaries of the structure can
also be seen. The mode is very well localized to the center of the
cavity.Downloaded 18 Dec 2005 to 131.215.240.9. Redistribution subject tothe lasers described herein. This cavity was again found to
support two modes, and the one at longer wavelength also
has the higher-Q factor which lases. A photoluminescence
spectrum taken above threshold, as well as the mode profiles
taken at different pumping levels, are shown in the inset of
Fig. 6. It can be seen that the lasing mode is very well local-
ized in the center of this cavity, and has a spot size on the
order of 3.9 mm2. This is an indication of a small mode
volume of this laser. When the pump beam is only slightly
moved from the center of the cavity ~less than 1 mm!, the
strong light intensity shown in Fig. 6 disappears. This mi-
croluminescence pumping result is another confirmation that
we indeed observe lasing from a well localized, small mode
volume, high-Q resonant mode.
In conclusion, we have observed room-temperature las-
ing from high-Q cavities based on fractional edge disloca-
tions in triangular lattice PPCs. Lasing is observed from the
high-Q dipole mode of this nanocavity. In spite of the un-
usual design of our structures, which have a hole etched
through the position of maximum field intensity and there-
fore reduced overlap with gain material, we observe low-
threshold powers in our devices. We have attributed this to
the small mode volume and the high-Q factors inherent to
our device design. Polarization and lithographic tuning prop-
erties of high- and low-Q modes are in an excellent agree-
ment with theoretical FDTD predictions. The mode profile
taken by our IR camera shows that the lasing resonance is
well localized to the center of our cavity. Based on these
experimental results, we conclude that the observed lasing
corresponds to the high-Q mode of our fractional edge dis-
location cavity.
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